At stand level, carbon translocation in tree stems has to match canopy photosynthesis and carbohydrate requirements to sustain growth and the physiological activities of belowground sinks. This study applied the Hagen-Poiseuille equation to the pressureflow hypothesis to estimate phloem carbon translocation and evaluate what percentage of canopy photosynthate can be transported belowground in a hinoki cypress (Chamaecyparis obtusa Sieb. et Zucc.) stand. An anatomical study revealed that, in contrast to sieve cell density, conductive phloem thickness and sieve cell hydraulic diameter at 1.3 m in height increased with increasing tree diameter, as did the concentration of soluble sugars in the phloem sap. At tree level, hydraulic conductivity increased by two orders of magnitude from the smallest to the largest trees in the stand, resulting in a stand-level hydraulic conductance of 1.7 × 10 −15 m Pa
Introduction
Phloem is the main pathway in trees for the long-distance transport of sugars produced through photosynthesis and storage remobilization to sink tissues (where it is used for growth, respiration, storage accumulation, etc.). Phloem characteristics thus mediate growth partitioning among the different organs and tissues. The conductive secondary phloem is located in the inner bark close to the cambium and, in gymnosperms, mainly contains long, thin sieve cells connected to each other by numerous sieve pores located in radial sieve areas. (Christy and Ferrier 1973 , Tyree et al. 1974 , Thompson and Holbrook 2003a , and have proven that translocation speed, while different between broadleaves and conifers (Dannoura et al. 2011) , is optimized over a large range of plant sizes . Several theoretical studies have included the exchange of solutes between the phloem and surrounding tissues (Thompson 2006 ) and the connexion between xylem and phloem transport (Hölttä et al. 2006 , De Schepper and Steppe 2010 . These approaches have helped develop models coupling phloem transport and leaf gas exchange , 2014 , and also resulted in mechanistic modelling efforts of source-sink transition and carbohydrate partitioning between sinks (Dewar 1993 , Minchin et al. 1993 , Daudet et al. 2002 , Henton et al. 2002 , Minchin and Lacointe 2005 .
In forests, a large variable fraction (25-75%) of the carbon assimilated in the canopy through photosynthesis is allocated belowground to sustain the growth and respiration of roots and associated symbionts (Litton and Giardina 2008) . Phloem carbon translocation has to match canopy photosynthesis ) and carbon allocation belowground requires that a certain amount of soluble sugar be transported from the foliage through the secondary phloem tissue in the trunk. However, the link between phloem carbon translocation, canopy photosynthesis and the flux of carbon allocated belowground to root sinks is still largely unexplored (Ryan and Asao 2014) . Phloem anatomy, phloem sap sugar concentration and related viscosity, the distance between source and sink, and the hydrostatic pressure gradient determine the mass flow of carbohydrates between sources and sinks along the phloem pathway. The HagenPoiseuille equation can be used to estimate the rate of carbon translocation in tree trunks, a concept Sheehy et al. (1995) showed more than 20 years ago. But as far as we are aware, this approach has never been applied to a real forest stand.
To calculate the rate of phloem carbon translocation, phloem properties have to be scaled at tree level. It has been shown theoretically that, without size-related adjustments in phloem dimensions to increase phloem-specific conductivity, phloem sap flow velocity would decrease with increasing tree height Hölttä 2010, Mencuccini et al. 2011) . Phloem conduit widening is thus thought to compensate for the increased resistance with increasing tree height (Hölttä et al. 2009 , Mencuccini et al. 2011 . Several studies report variations in sieve cell dimensions with height in trees (Petit and Crivellaro 2014, Jyske and Hölttä 2015) , but most have addressed these variations along individual stems rather than among different trees of various dimensions (Mencuccini et al. 2011) . Alongtree comparisons are nevertheless a prerequisite to obtaining stand-level estimates of phloem carbon translocation.
Our objective was to calculate phloem carbon translocation at tree level, to scale it to stand level in a 58-year-old hinoki cypress stand (Chamaecyparis obtusa Sieb. et Zucc.) and to evaluate what percentage of canopy photosynthate can be transported belowground. We combined an anatomical study of the inner bark with measurements of sugar contents in the phloem sap. We hypothesized that the hydraulic conductivity of the phloem would increase with increasing tree diameter not only due to an increase in stem cross-sectional area, but also because anatomical characteristics of the conductive phloem (conductive phloem thickness, sieve cell density and/or sieve cell radius) would increase with stem diameter. Therefore, we developed equations between tree diameter and phloem properties in order to estimate the conductive phloem area of a tree, the number of sieve cells and the hydraulic diameter of these cells. We used a simple set of equations based on the Hagen-Poiseuille law and the pressure-flow hypothesis to compute the hydraulic conductivity and rate of carbon translocation of all the hinoki cypress trees in an inventory plot. We then summed these tree-based values to calculate stand-level carbon translocation and compared our estimate of stand level carbon translocation to the gross canopy photosynthesis derived from eddy-covariance measurement of the net CO 2 ecosystem exchange. Finally, we discuss the assumptions and uncertainties that affect our estimate.
Materials and methods

Site description
The experiment was carried out in a 6-ha hinoki cypress stand (C. obtusa Sieb. et Zucc.) planted in 1959 (58 years old in 2017) with sparsely distributed older trees that had been left standing at harvest. The stand is within the confines of the Kiryu Experimental Watershed (34°58′ N, 135°59′ E, 250 m above sea level) in central Japan. The mean annual air temperature from 2001 to 2016 was 13.5°C, and the mean annual precipitation was 1674 mm, which are characteristic of a warm temperate monsoon climate. The soil is a young brown forest soil (cambisol). The site belongs to the AsiaFlux network and canopy CO 2 , H 2 O and heat fluxes have been continuously measured by the eddy covariance method since 2001 (Takanashi et al. 2005 , 2013 ). Short-wave (solar) radiation has been measured at a height of 28.5 m with a pyranometer (CMP6, Kipp & Zonen B.V., Delft -The Netherlands).
Tree censuses have been conducted every 2-3 years since 2001 on a 1209 m 2 inventory subplot. In February 2016, mean tree height (H) on the subplot was 18.4 m and mean tree diameter at 1.3 m in height (D) was 21.7 cm; this includes two large trees remaining from the previous stand ( Figure 1 ). Japanese cypress accounted for 92% of the stand basal area. Hisakaki (Eurya japonica Thunb.) dominated the understorey vegetation, accounting for 2% of the stand basal area. The remaining 6% was shared by several deciduous broadleaved species.
Phloem anatomy
In November 2016, we used a wood chisel to cut two small blocks (2 × 1 × 1 cm, longitudinal × radial × tangential) at
Tree Physiology Online at http://www.treephys.oxfordjournals.org 1.3 m in height out of six trees that had been chosen to reflect the observed distribution of stem diameters in the stand. Each sample included the outermost xylem, the cambium, the inner bark and part of the outer bark. The blocks were immediately fixed with a 3% glutaraldehyde solution and stored in a chilled box, then transferred to a refrigerator at +4°C. The blocks were recut into smaller parts with a razor blade, the samples were frozen (MCR802A, Komatsu Electronics, Ishikawa, Japan), and then a sliding microtome (TU-213, Yamato Kohki, Saitama, Japan) was used to slice off cross-sections of 30 μm thickness. The cross-sections were immediately stained with safranin and fast green, dehydrated by applying ethanol and xylene and then mounted in Canada balsam. The conductive phloem was defined as the part of the inner bark close to the cambium containing active, well-differentiated and noncollapsed phloem sieve cells. In contrast, the non-conductive phloem was distinguished from the conductive phloem by the presence of collapsed sieve cells and enlarged parenchyma cells (Angyalossy et al. 2016) . The thickness of conducting phloem (t), the number of sieve cell per unit area of conducting phloem (sieve cell density, ρ) and the length of the radial and tangential axes of the sieve cells were estimated on microphotographs taken with a digital camera (EOS KISS X3; Canon, Tokyo, Japan) attached to a light microscope (13 × 50-32; Olympus, Tokyo, Japan), then analysed with an image analysis software (ImageJ, version 1.47 v; National Institutes of Health, Bethesda, MD, USA). Overlapping images were merged to cover the full width of the conductive phloem. All sieve cells were counted and measured, including small neighbouring sieve cells, which correspond to the overlapping ends of two cells within one row.
Scaling anatomical measurements at tree level
Total bark thickness was estimated using a calliper with an accuracy of 0.1 mm in order to estimate the diameter under bark of all sampled trees. Conductive phloem area (a) was computed for each tree based on their diameter under bark and the thickness of their conductive phloem (t). The total number of sieve cells of each tree at 1.3 m in height (n) was calculated by multiplying the number of sieve cells per unit area (ρ) by conducting phloem area (a).
The hydraulic diameter (d h ) of sieve cells that exhibited a rectangular shape was calculated as
with x 1 and x 2 , respectively, being the length of the radial and tangential axes of the sieve cell (Mencuccini et al. 1997, Jyske and Hölttä 2015) . Average d h was calculated based on measurements taken on 60 cells on each of the two samples taken from each tree as follows:
which weights diameter in proportion to hydraulic conductivity (Sperry et al. 1994, Jyske and Hölttä 2015) . Between-tree variations in t, ρ, a, n and ̅ d were related to stem diameter (D) through linear functions that were either fitted to the raw data or to the log10-transformed data (R software, version 3.2.4, R Development Core Team 2016).
Phloem water content and phloem sap sugar concentration
Six 10-mm-diameter disks of inner bark were sampled on 4 May between 13:00 and 14:00 h at 1.3 m in height on eight trees that were chosen to reflect the observed distribution of stem diameters. Three of them were stored in a chilled box after their fresh mass (m f ) had been measured and then dried and weighed again (dry mass, m d ). We used inner bark water content corrected for fibre saturation point (FSP) to estimate sieve cell water content (wc), as suggested by Woodruff (2014) as follows: Figure 1 . Distribution of (A) tree diameter at 1.30 m, and (B) tree height of all hinoki cypress trees in the inventory plot (155 trees). All trees were 58 years old except for the two tallest ones remaining from the previous stand.
Tree Physiology Volume 39, 2019 FSP, the stage at which the cell walls become saturated but the cell lumen is free of water, was unknown for the inner bark. We used 0.3, a value slightly above the FSP for hinoki cypress wood (Ishimaru et al. 2001) . The other three disks of inner bark were infused for 5 h at ambient temperature in a 5-ml vial containing 3 ml of distilled water for phloem sap extraction (Devaux et al. 2009 ). The extracts were filtered through nylon cartridges (Whatman, 0.2 μm, diameter 25 mm) and the filtrates were stored at −20°C until analysis. The disks were then oven-dried and weighed. The concentration of soluble sugars in the extract was determined colorimetrically following the phenol-sulphuric acid method (Dubois et al. 1956 ) with sucrose as the standard. Indeed, sucrose rather than glucose is transported in the phloem (Liu et al. 2012 ), especially in gymnosperms, which are thought to be passive loading species (Liesche 2017) . Sugar concentration was then expressed as percent dry matter and as percent sieve cell water content.
We used linear functions that were either fitted to the raw data or to the log10-transformed data in R software to relate between-tree variations in soluble sugar and sieve cell water content to stem diameter (D).
Water potential and osmotic potential
Foliage water potentials were measured at around 13:30 h on 23 May, a sunny day (midday water potential) and at around 04:15 h on 24 May (predawn water potential) on small shoots bearing 2-to 4-mm long cupressoid (scale-like) leaves. Two shoots per tree were collected from the upper part of the crown of two trees that were close to the eddy-flux tower. At the same time, two additional shoots were collected, immediately enclosed in plastic bags, immersed in liquid nitrogen and stored at −20°C. These samples were then thawed at 25°C in the laboratory to equilibrate with the surrounding air temperature. Sap was extracted by pressing these shoots against a disk of filter paper. In addition, immediately after shoot collection at midday and predawn, two 10-mm diameter disks of inner bark were collected at 1.3 m in height on five trees in the vicinity of the eddy-flux tower; these disks were enclosed in plastic bags and frozen, then thawed, like the leafy shoots. A disk of filter paper was sandwiched between the two disks of inner bark with the conductive phloem facing the filter; then the samples were pressed. The osmolality of the sap extracted from the leafy shoots and from the inner bark disks, expressed in mol kg , can be approximated by osmolality in diluted solutions :
with T the temperature in Kelvin and R the universal gas constant (0.008314 l MPa mol
).
Estimating phloem carbon translocation at tree and stand level
Phloem carbon translocation was calculated for each hinoki cypress tree in the inventory plot, based on the 2016 tree census when tree diameter at 1.3 m in height (D) and tree height (H) were measured. Using the relationships between D and n the number of sieve cells at 1.3 m in height, ̅ d the average hydraulic diameter of the sieve cells and c sucrose concentration in the phloem sap, n, ̅ d and c were estimated for each tree. For each tree, the hydraulic conductivity (k) was estimated according to the Hagen-Poiseuille law as follows:
with r the effective radius of the sieve cell, and f a reduction factor accounting for the fact that conductivity depends not only on sieve cell radius but also on characteristics of the sieve pores at the radial sieve areas, which also contribute to overall hydraulic resistance (Thompson and Holbrook 2003b, Mullendore et al. 2010) . We set f at 0.7, the average value found for four gymnosperm tree species (Liesche et al. 2015) . Assuming that 20% of the sieve cell radius is blocked (Jensen et al. 2012) , the effective radius of the sieve cells was r = 0.8 × ̅ d /2. Phloem sap viscosity (η) at 20°C was estimated as a function of sucrose concentration in the phloem sap (c): Hölttä et al. (2006 Hölttä et al. ( , 2009 where η 0 is the viscosity of pure water (1.0019 mPa s). Hydraulic conductance (K) and rate of carbon translocation (F C ) were calculated for each tree as follows:
where L is the length of the stem between the upper part of the crown and 1.3 m above the soil level, calculated as H − 1.3, and ΔP is the difference in turgor pressure between the foliage and the phloem at 1.3 m in height plus the gravity pressure that depends on L (0.01 MPa m −1 ) (Scholander et al. 1965 ).
Finally, hydraulic conductance and rate of carbon translocation at stand level were calculated by dividing the sum of K and F C calculated for all trees in the inventory plot by the area of the plot.
Gross canopy photosynthesis
Net CO 2 flux above the canopy was obtained from the eddy covariance between the fluctuations in vertical wind speed and air CO 2 concentrations measured at 10 Hz at 28.5 m in height
Tree Physiology Online at http://www.treephys.oxfordjournals.org and CO 2 storage flux. A three-dimensional sonic anemothermometer (DA-600T, Kaijo, Tokyo, Japan) and an open-path CO 2 /H 2 O infrared gas analyser (LI7500, LI-COR Biosciences, Lincoln, NE, USA) were used to measure wind speeds and CO 2 molar density Kosugi 2008 , for details). Data was gap-filled and processed according to Ohkubo et al. (2007) and Kosugi et al. (2013) in order to calculate daily gross canopy photosynthesis (gross primary production) from half-hourly measurements of the net CO 2 flux. Briefly, we rejected the data obtained from 30 min before to 60 min after a rainfall event as well as night-time data when friction velocity was below 0.4 and gap filled using an Arrhenius function for night-time data and a non-rectangular hyperbola equation with photosynthetic photon flux density for day-time data. We assumed that the contribution of understory vegetation to the eddy covariance based estimates of stand level photosynthesis is negligible.
Results
Phloem anatomy
Conductive phloem represents a small part of the inner bark (Figure 2A ), its thickness (t) being only 15-20% of the total thickness of the inner bark (data not shown). We found that a power function better described the relationships between t and tree diameter at 1.3 m in height (D) than did a linear function ( Figure 3A , R 2 = 0.67, P < 0.05). No significant relation was found between sieve cell density (ρ) and D ( Figure 3B ), despite a 25% higher ρ value for the smallest studied tree compared with the average of the five other trees. Sieve cell hydraulic diameter ( ̅ d ) increased as a power function of D ( Figure 3C , R 2 = 0.74, P < 0.05). At tree level, both conductive phloem area (a, Figure 4A , R 2 = 0.95, P < 0.001) and the number of sieve cells (n, Figure 4B , R 2 = 0.96, P < 0.001) increased significantly with D.
Soluble sugars and sieve cell water content
The amount of soluble sugar in phloem exudates increased with increasing D ( Figure 5A , R 2 = 0.49, P = 0.05) and, because estimated phloem water content decreased with increasing D ( Figure 5B , R 2 = 0.79, P < 0.01), the increase in the concentration of soluble sugars (%w/v) with D was even more pronounced ( Figure 5C , R 2 = 0.74, P < 0.01).
Water potential, osmotic potential and turgor pressure gradient
Foliage water potential dropped from −0.53 MPa at predawn to −1.49 MPa at midday, while foliage osmotic potential dropped (Table 1) . Assuming a gravity potential of 0.2 MPa for trees that are about 20 m high, we estimated the turgor pressure in the foliage at 0.81 MPa at dawn and 0.13 MPa at midday.
Osmotic potential in the inner bark was nearly the same at predawn and midday (−0.75 and −0.78 MPa, respectively). If we assume that phloem water potential equals foliage water potential at predawn, then predawn turgor pressure in the phloem should stand at 0.22 MPa, which would lead to a turgor pressure gradient of 0.59 MPa between the upper part of the crown and the inner bark at 1.3 m in height. Midday turgor pressure in the inner bark cannot be estimated because water potential in the inner bark at midday is unknown. The maximal gradient of turgor pressure at midday would be 0.14 MPa when turgor pressure in the inner bark is zero, an extreme and unlikely situation.
Phloem conductivity and carbon translocation
Phloem conductivity (k) was calculated for each tree in the inventory plot by predicting the conductive phloem area, the number of sieve cells and their hydraulic radius from the diameter at 1.3 m in height. Phloem sap viscosity was calculated from the predicted sucrose concentrations. k varied from 1.4 × 10 , which leads to an estimated rate of carbon translocation of 2.0 gC m −2 day −1 (1.8 gC m −2 day −1 when the two biggest trees are discarded). This represents from 26% to 69% (30% on average) of the daily gross canopy photosynthesis, which ranged from 2.9 to 7.8 gC m −2 day −1 between 26
April and 3 May, the week before sampling (Figure 7 ). Tree Physiology Online at http://www.treephys.oxfordjournals.org
Discussion
Phloem carbon translocation from the canopy to belowground sinks is determined by (i) phloem anatomy and the distance between the carbon sources and the sinks, which determine phloem conductance, (ii) the hydrostatic pressure gradient between sources and sinks, which determines the volumetric sap flow rate for a given conductance and (iii) the phloem sap sugar concentration, which determines the mass flow of carbohydrates for a given volumetric flow rate, and which also affects phloem conductance through the viscosity of the sap. Our estimated rate of carbon translocation is therefore dependent on the assumption and uncertainties associated with these three main components.
Phloem anatomy and conductivity
The number of sieve cells of a tree at 1.3 m in height depends on sieve cell density and active phloem area, which in turn depends on phloem thickness and tree circumference. The sieve cell density in the hinoki cypress trees we studied was quite variable within and among trees (843 mm −2 on average) but the variation was not related to tree size. In contrast, active phloem thickness ranged from 190 to 490 μm, and increased with increasing tree diameter. This is in agreement with the smaller annual secondary phloem increments in suppressed trees compared with dominant trees that has been reported for Norway spruce (Rosner et al. 2001 ). In our study, active phloem area, and therefore the total number of sieve cells per trunk, were mainly governed by the circumference of the tree, as was also reported for Norway spruce (Jyske and Hölttä 2015) . However, any overestimation or underestimation of sieve cell density or active phloem thickness would lead to a similar over-or underestimation of sieve cell number at tree level. Because sieve cell number is linearly related to the rate of carbon translocation at tree level, over-or underestimations of sieve cell density or active phloem thickness would similarly impact the estimated rate of carbon translocation at stand level. As in Norway spruce (Rosner et al. 2001, Jyske and Hölttä 2015) , we found that the hydraulic diameter of sieve cells was smaller in small hinoki cypress trees than in the big trees. This being said, neglecting the relationship between tree diameter and hydraulic sieve cell diameter and therefore assuming a constant hydraulic diameter for all trees in the stand would increase our estimated carbon translocation rate by only 6% at the stand level. In addition, we have neglected axial widening of sieve cells. Woodruff (2014) showed that, in the crown of Douglas-fir, the diameter of the sieve cells in the branch phloem was higher in small trees than in tall trees while we observed smaller sieve cells in small trees than in tall trees at 1.3 m in height in hinoki cypress. Potential variation in axial widening with tree size, and its effect of whole-tree hydraulic conductance, remain to be addressed.
It was recognized 40 years ago that the presence of sieve pores connecting sieve cells to each other increases the total Table 1 . Foliage water potential, osmotic potential and turgor pressure (all in MPa) averaged for two 20-m high hinoki cypress trees (two samples per tree, standard deviation in parentheses), inner bark osmotic potential and turgor pressure measured on inner-bark disks collected 1.3 m in height on five hinoki cypress trees. Foliage turgor pressure was calculated assuming a gravity potential of 0.2 MPa. Turgor pressure in inner bark cells was calculated assuming that phloem water potential equalled foliage water potential at predawn. resistance of the sieve cells (Lang 1978) . In a first attempt to quantify this increase, Minchin et al. (1993) considered that sieve plates doubled the resistance of the sieve conduct while Sheehy et al. (1995) calculated a lower reduction factor for two tree species (0.6 and 0.8). On the contrary, lower f-values, indicating stronger axial flow reduction, have sometimes been considered in theoretical computing (0.132, Thompson and Holbrook 2003a, 0.25, Jyske and Hölttä 2015) . Jensen et al. (2012) found that sieve plate and lumen resistance are correlated in angiosperms. This relationship was later extended to gymnosperms, with an f-value averaging 0.7 (range 0.57-0.94) for four gymnosperm tree species (Liesche et al. 2015) . Because f is linearly related to the carbon translocation rate at the tree level, any overestimation or underestimation of f would therefore similarly impact the estimated carbon translocation rate at the stand level. While it has often been assumed that the entire cross-sectional area of a sieve cell is open to flow, this might not be the case. In our estimation of phloem conductivity, we assumed that only 80% of the cross-sectional area of the sieve cells was open to flow, following Jensen et al. (2012) . Because our equation for conductivity included the fourth power of the effective hydraulic radius, this had a strong effect on our final estimation of the carbon translocation rate. Assuming that the entire crosssectional area of the sieve-cells is open to flow would increase our stand-level hydraulic conductance from 1.7 × 10 −15 to 4.1 × 10 −15 m Pa
Midday
, and our estimated rate of carbon translocation from 2.0 to 5.0 gC m −2 day −1
. In Arabidospis thaliana, up to 30% of the sieve tube cross-sectional area was occupied by sieve tube constituents, and it was estimated that 65-100% of the area was open to flow (Froelich et al. 2011 ). Schulz (1992 reported clusters of endoplasmic reticulum in sieve cells of gymnosperms. In addition, because of the elasticity of the sieve cell walls, diurnal changes in cell turgor may change the effective hydraulic radius and thus, hydraulic conductivity (Sovonick-Dunford et al. 1983 ).
To our knowledge, the only attempt to calculate stand-level hydraulic conductance gave 2.4 × 10 −15 m Pa −1 s −1 for a virtual stand of identical 10-m tall 'primitive' trees (Sheehy et al. 1995) , which compares well with our own stand-level estimate, if we take into account that our trees are taller (18.4 m on average).
Turgor pressure gradient
We lack direct methods to measure phloem carbon translocation at the tree level to validate our approach. Based on our anatomical data and on the assumptions we made, we estimated the average phloem sap velocity of all the trees in our inventory plot at 0.57 m h
. This is a higher value than the one Dannoura et al. (2011) experimentally obtained on coniferous trees; they found a maximal value of 0.21 m h −1 in maritime pine during the growing season. However, their values were integrated over several hours, or even days, while in our calculations, we only considered estimated turgor pressure gradient at predawn (0.6 MPa). Yet, phloem turgor in source leaves is expected to decrease during day-time with minimal values at midday when xylem tension is highest (Sovonick-Dunford et al. 1981 ). If we had considered that the gradient of turgor pressure may drop to zero at midday, and that only gravitational potential significantly contributes to the hydrostatic pressure gradient (Paljakka et al. 2017) , our average phloem sap velocity would have been 0.12 m h −1 instead of 0.57 m h −1
. Therefore, the carbon translocation rate we calculated represents a maximal rate rather than a timeintegrated rate since the gradient of turgor pressure decreases during the day-time.
In addition, we assumed a constant gradient of turgor pressure for all the trees in our study, and though this was not documented in our study, pressure may also vary with tree height. Tall trees may exhibit a greater turgor pressure gradient than do small trees (Mencuccini and Hölttä 2010) . This is consistent with the lower osmotic pressure found in the phloem tissue of suppressed spruce trees compared with dominant ones (Rosner et al. 2001 ). Phloem osmolality is thought to increase, and osmotic potential to decrease, with decreasing phloem water content and increasing solute content (Lintunen et al. 2016 ). Tree Physiology Online at http://www.treephys.oxfordjournals.org
Because we observed a decrease in phloem water content and an increase in sucrose content with tree size, we should have assumed that the gradient of turgor pressure would change with tree size. However, applying Mencuccini and Hölttä (2010) 's theoretical relationship between height and turgor pressure gradient instead of the constant value we used would have increased our estimated carbon translocation rate only by 6% at the stand level.
Phloem turgor pressure is difficult to measure directly. Our estimation of the phloem turgor pressure gradient relies on three assumptions: (i) phloem water potential is in equilibrium with the surrounding xylem (Daudet et al. 2002 , Thompson and Holbrook 2003b , Hölttä et al. 2006 , Patrick 2013 at predawn under non-transpiring conditions, shoot water potential reflects xylem water potential well throughout the whole tree (Sovonick-Dunford et al. 1981 ) and (iii) osmotic pressure within the sieve cells can be well approximated by measuring the osmolality of the sap extracted from leafy shoots and inner bark tissue. Based on the few direct measurements of phloem turgor pressure that exist for trees, Turgeon (2010) estimated that, at most, a difference of 0.7 MPa in turgor pressure is available to drive carbon transport in trees, a figure that scales with our estimation of 0.6 MPa at predawn.
Phloem water and sugar contents Lintunen et al. (2016) reported that variations in phloem sap osmolality were mainly driven by variations in phloem water content in several tree species across Europe. Similarly, a decrease in phloem water content with tree height leading to an increase in soluble sugar concentration in the phloem sap was observed in Douglas-fir (Woodruff 2014) . In our study, the concentration of soluble sugars in the phloem sap (per volume) increased with tree size because phloem water content (per dry mass) decreased and phloem sucrose content (also per dry mass) increased with tree size. Because all of our samples were collected at the same height (1.3 m above the ground) and early in the afternoon, the lower phloem water content found in big trees compared with small trees probably indicated a more pronounced exchange of water between phloem and xylem in the dominant trees, driven by lower xylem water potential due to higher transpiration, and reflected the role of the inner bark in stem water storage (Ueda and Shibata 2001 , Pfautsch et al. 2015 , Rosell 2016 ). Higher sugar concentration in the phloem exudate of the dominant trees was also due to higher sugar content (per dry weight), which probably reflected a higher rate of photosynthesis driven by a greater amount of intercepted solar radiation.
We calculated our average osmotic pressure of 0.75 MPa from an average measured osmolality of 0.3 mol kg -1 , which, assuming sucrose is the only solute in the phloem sap, would correspond to a sucrose concentration of 10% (w/v), twice as much as was measured in the phloem bark extracts. One explanation for this discrepancy may be that we did not collect all the phloem sap sugar during the 5-h infusion period. However, the exudation approach we used is considered to be a reliable way to collect phloem sap from species on which phloem bleeding (bark incisions) cannot be used (Gessler et al. 2004) . This exudation method is also more appropriate than the centrifugation method to quantify amounts of phloem sugars in maritime pine (Devaux et al. 2009 ). In addition, Devaux et al. showed that the addition of ethylene diamine tetra acetic acid to prevent the obstruction of sieve conducts was not required. They also showed that no microbial degradation of sugars occurred in the extracts, even without the addition of antibiotics. It is also unlikely that we overestimated phloem water content. Indeed, though it has been shown that the active phloem area close to the cambium has a higher water content than the non-conductive phloem, at least in spruce (Rosner et al. 2001) , we took into account the whole inner bark. Another explanation for the discrepancy between osmolality and soluble sugar content in the phloem sap could be that phloem sap in gymnosperms may contain fructose and glucose as well as sucrose (Gall et al. 2002 , Devaux et al. 2009 , Woodruff 2014 ). In addition, inorganic anions such as potassium can also contribute to phloem sap osmolality (Grange and Peel 1978, Lang 1983 ); a similar discrepancy was explained by potassium concentrations of up to 2% (w/v) in willow (Peel and Weatherley 1959) .
In a recent survey of the literature (Jensen et al. 2013) , the mean phloem sap sugar concentration was 15% (w/v) in passive loader species, three times higher than what we observed. However, only one gymnosperm was included in the survey, and there were no details regarding sampling date. In willow, sap sucrose concentrations have been found as high as 25% (w/v) from November to March, but as low as 4-6% in summer (Peel and Weatherley 1959) . In maritime pine, phloem sugar content varied from 7% to 15% (w/w) throughout the year, with minimal values from mid-April to mid-September (Devaux et al. 2009 ). Phloem sugar content was also minimal in sessile oak from April to July, the period of trunk growth (Maunoury et al. 2007) . Active growth of aboveground biomass (foliage and cambial growth in branches and the stem) may therefore account for the low sugar content we found in the phloem sap we collected at 1.3 m in height in early May.
Fraction of canopy photosynthesis transported belowground
The rate of carbon translocation we calculated at the stand level was 2.0 gC m −2 day −1 , or 30% of the daily gross canopy photosynthesis averaged for the week before sampling. As mentioned, aboveground growth may consume a large part of the photosynthate produced in the beginning of the growing season. A substantial increase in temperature-normalized respiration rates in the stems and branches of 30-year-old European beech was observed during the growing season, especially in the upper part of the crown (Damesin et al. 2002) . Similarly, in hinoki
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cypress, higher stem respiration rates were found at upper positions inside the crown than at lower positions below the crown in May and June when active stem growth occurs, a difference that vanished during the dormant season from November to March (Araki et al. 2010 ). In addition, temperature-normalized foliage respiration was also high in spring compared with other seasons (Araki et al. 2017) . In contrast, fine root growth was found to peak late in the growing season (August-October) in a hinoki cypress stand near our experimental site (Osawa and Aizawa 2012) and the growth of extra-radical mycorrhizal hyphae was higher between June and September than in April and May (Holger Schäfer, personnal communication) . Considering all of these results that confirm the strong seasonality of carbon allocation in evergreen conifers (Dickson 1989) , carbon allocation towards aboveground growth and related respiration at the expense of belowground activity may account for the low proportion of canopy photosynthate that seemed to have translocated belowground early in the growing season. Higher phloem sugar concentrations may occur at other times of the year, but an increase in sugar concentrations will consistently decrease phloem conductance due to increasing viscosity. In order to estimate the potential for carbon translocation in our hinoki cypress stand, we calculated the optimal sugar concentration that would maximize the carbon translocation rate (Jensen et al. 2013) . With this optimal concentration and a constant turgor pressure gradient of 0.6 MPa, our estimated stand-level hydraulic conductance was twice as low (0.9 × 10 −15 instead of , 73% of the daily gross canopy photosynthesis averaged over 1 year. At our study site, soil respiration (including the heterotrophic component) is known to represent a smaller fraction of total ecosystem respiration than has been measured in several other forests, while the proportion of aboveground respiration, including stems and foliage, is larger ). The observed stand-level phloem properties allowing only three-quarters of the assimilated carbon to be transported belowground may be enough to satisfy the low belowground carbon demand in this hinoki cypress stand.
Conclusion
This work is one of the first attempts to calculate phloem conductance and carbon translocation at tree level and then to scale up to stand level. While our approach gives a plausible value for carbon translocation in our forest stand, owing to the assumptions and approximations we made, this value must be taken as a rough estimate only. For one thing, we definitely need to improve our ability to measure phloem turgor pressure and monitor its daily dynamics; however, reliable methods are still lacking, especially for tall trees in the field. Another limitation is that, although well-described anatomical studies of the sieve plate would allow us to calculate a theoretical hydraulic conductance, in vivo observations of sieve tubes and live imaging of phloem flow are not yet available for secondary phloem in trees. Despite these caveats, the approach we used, coupled with measurements of canopy photosynthesis, may at least provide qualitative insight into the seasonal dynamics of belowground carbon allocation. It would be interesting to further test it in forests known to present contrasting fractions of carbon allocated belowground.
